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ZnO crystals with dimensions of 30 38 8mm3 have been grown by the hydrothermal method using a mixed solution of KOH,
LiOH and H2O2. The growing rates for +c(0 0 0 1) and c(0 0 0 1¯) were 0.17 and 0.09mm/day, respectively. The crystal color was very
light green for +c sector and dark brown for c sector. For the +c sector, the resistivity at room temperature was 80O cm, the carrier
concentration was about 104/cm3, and the mobility was about 100 cm2/V s. The full-width at half-maximum (FWHM) of double axis
X-ray rocking curve for the polished Zn face cut from +c sector was 45 arcsec. The photoluminescence (PL) spectrum and the
absorption spectrum of +c part of the crystals at room temperature were also reported and discussed in this paper.
r 2008 Elsevier B.V. All rights reserved.
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ZnO single crystal has a direct energy gap of 3.37 eV and
a large exciton-binding energy of 60meV, which make it a
potential material suitable for making short-wavelength
LEDs and laser diodes. Heterogeneous substrates such as
sapphire can be used to grow ZnO epitaxial layers by many
researchers [1–6], but it may not be possible to produce
efﬁcient long-lifetime ZnO-based LEDs and laser diodes on
heterogeneous substrates due to the highly defective ﬁlms
[7]. This problem would be solved by homoepitaxy if highly
crystalline ZnO substrates become available.
Single ZnO crystals can be grown mainly by four
methods: the chemical vapor transport (CVT) method
[8–11], the ﬂux method [12–14], the high-pressure melt
growth method [15] and the hydrothermal method
[7,16–23]. Single crystals of size 2 or even 3 in have been
demonstrated by the hydrothermal growth technique [20],
which conﬁrmed the hydrothermal method as an efﬁciente front matter r 2008 Elsevier B.V. All rights reserved.
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ess: zhchl@rigm.ac.cn (C.-L. Zhang).method to grow high-quality and large-sized ZnO single
crystals.
Because of the high basicity of mineralizer solution used
for growing ZnO crystal, a closed precious inner metal
container is essential for preventing the incorporation of
impurities from the inner surface of the autoclave and for
the growth of high-quality ZnO single crystal. Many
researchers used platinum inner container [17,20], but Pt
is quite costly. In this paper, we report our growth of single
ZnO crystals by the hydrothermal method using a gold
inner container and the characterization of the grown
crystals.2. Experimental procedure
ZnO single crystals were grown in an autoclave, which
was made of high-strength steel. A ‘‘ﬂoating’’ closed gold
liner with +55 1080mm2 in dimensions was used to
isolate the crystal growth environment from the walls of
the autoclave. The gold liner was divided into two
chambers by a bafﬂe with an open area of 5–8%. The
nutrition chamber contained solid nutrients and the
ARTICLE IN PRESS
Fig. 2. A slice cut from +c sector.
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nutrients were prepared from 99.99% ZnO powder, which
was sintered for 24 h in air at 1300 1C in as platinum
crucible. The yellow seed crystals with dimension of
25.6 25.6 0.8mm3 and weight of 3.11 g were (0 0 0 1)
plates, which were cut from a commercial ZnO crystal
grown using the CVT method, and were suspended by Au
wires on an Au ladder. The mineralizer solution poured
into the gold liner was a mixture of KOH (3.0mol/l), LiOH
(1.0mol/l) and H2O2 (1wt%) with a ﬁlling grade of 75%.
All mineralizer starting materials were GA grade. Suitable
quantity of distilled water was supplied into the volume
between the autoclave and the Au liner for pressure
balancing.
During the growth process, the nutrition chamber was
kept at 380 1C with a temperature gradient of 10–15 1C
declining towards the growth chamber, so as to create a
convection current for the transportation of dissolved
nutrients to the crystal seeds located in the lower
temperature chamber. The pressure was about 100MPa,
which was measured by a pressure gauge.
The experiments showed that the growth was aniso-
tropic. The growth rates in the [0 0 0 1] directions averaged
0.17mm/day for the 30-day runs and 0.09mm/day in the
[0 0 0 1¯] directions. The size of the biggest grown crystal was
30 38 8mm3. Fig. 1 shows the grown ZnO crystals,
which were just taken out from the autoclaves after a run.
Fig. 2 shows the slice cut from +c sector.
The impurity concentration was determined by induc-
tively coupled plasma mass spectroscopy (ICP-MS). The
crystallinity of the grown ZnO crystal was characterized by
X-ray rocking curve measurement using a Philips X’pert
MRD. The absorptivity was tested by a Jasco V-570
UV/vis/NIR spectrophotometer, and the photolumines-
cence (PL) exited by a He–Cd laser (l ¼ 325 nm) was
measured at room temperature.Fig. 1. ZnO crystal grown by the hydrothermal method.3. Result and discussion
The ZnO crystal obtained by the hydrothermal method
belongs to the hexagonal crystal system. The morphology
of the grown ZnO crystal is shown in Fig. 3. Habit faces
have been computed using the inter-axial angles measured
by contact goniometry; they are (0 0 0 1) and (0 0 0 1¯)
monohedra (1 0 1¯ 0) prism and (1 0 1¯ 1) pyramid faces, as
shown in Fig. 3. ZnO is a polar crystal, whose polar axis is
the c-axis; the face of +c is terminated with the zinc atom,
and c is terminated with the oxygen atom. So the growth
rate of +c (about 0.17mm/day) is much higher than that
of c (about 0.09mm/day). And also due to the
anisotropic nature, the +c region desired for UV applica-
tions is of very light yellow–green color, while the c
region is of very dark brown because of the higher impurity
incorporation. These results are consistent with those of
the previous reporters [20].
Slices were cut perpendicular to the c-axis from the +c
and c region, respectively, for further investigation.
The impurity concentrations were analyzed by ICP-MS.
Table 1 shows the results. For this study, the incorporation
of K was under detective limit; Li originated from LiOH
was observed in both +c and c regions. In addition, Au
that may be corroded by H2O2 was also observed and Si
came from the nutrients. Other impurity concentrations
(such as Al, Fe, Cu, and Pb) of the c region were much
higher than those of the +c region, and the color of the c
region is dark brown. This is similar to other reports on
hydrothermal ZnO [17]. Table 2 shows the resistivity and
carrier concentration for +c sector at room temperature.
Slices cut from the +c region were polished by the
chemical mechanical polishing method to investigate the
crystallinity of the grown ZnO crystal. The X-ray rocking
curve for (0 0 2) reﬂections of ZnO crystal is shown in
Fig. 4. The peak is sharp, and the full-width at half-
maximum (FWHM) is 45 arcsec. Considering the seed
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poorer than that of hydrothermal crystal [20], the FWHM
value could be improved in the future through breeding
seed crystals by the hydrothermal method. This resultTable 1
Chemical impurities incorporated in ZnO crystal
Impurity (ppm) K Li Au Al Fe Cu Pb Si
+c Region o1 8 10 2 1 1 2 15
c Region o1 10 12 12 30 6 12 30
Nutrients o1 o1 o1 1 1 2 18 15
Table 2
Resistivity and carrier concentration for +c sector at room temperature
Resistivity 80O cm
Carrier concentration About 104/cm3
Mobility About 100 cm2/V s
Fig. 3. Morphology of ZnO crystal grown by the hydrothermal method.
Fig. 4. X-ray rocking curves for (0 0 2indicates the hydrothermal grown ZnO crystal has good
crystallinity and is suitable for use as substrates for UV
applications such as Al, Fe, Cu, Pb, and Si PL measure-
ment at room temperature is useful for identifying the
quality of ZnO crystal. Fig. 5 shows the PL spectrum of
the ZnO crystal at room temperature. Only strong UV
emission at 376 nm (3.3 eV) from the band edge was
observed. Fig. 6 shows the absorption spectrum of +c
sector of the hydrothermal ZnO crystal. The curve is very
ﬂat between 400 and 1600 nm wavelength. All these results
indicated the good optical quality of the hydrothermal
grown ZnO crystal.) reﬂection of ZnO single crystal.
Fig. 5. PL spectrum at room temperature of ZnO crystal grown by the
hydrothermal method.
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Fig. 6. Absorption spectrum of +c sector of the hydrothermal ZnO
crystal.
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ZnO single crystals have been grown by the hydro-
thermal method using a Au liner. The growth of ZnO
crystal was anisotropic. The color was light green for +c
sector and dark brown for c sector. The full-width at
half-maximum (FWHM) of the X-ray rocking curve for
(0002) reﬂection of ZnO crystal was 45 arcsec, strong UV
emission at 376 nm (3.3 eV) from the band edge was
observed from PL spectrum and the absorption curve was
very ﬂat between 400–1600 nm wavelength which was
demonstrated the quality of the crystals is high.
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